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Abstract. The effect of cobalt oxide as sintering aid for CeO2 and Ce0.9Gd0.1O1.95 powders was studied as a
function of initial powder particle size. The sintering effect of cobalt oxide, measured as the difference in temperature
of maximum shrinkage rate between undoped and 1 cat% cobalt oxide doped powders, decreased with initial particle
size. Almost no effect was found for the smallest particle sizes investigated (d < 10 nm) whereas the maximum
shrinkage rate temperature decreases by more than 200◦C for particles d > 100 nm. For the smaller particles, only
doping of much higher concentration produces significant decreases in the temperature of maximum shrinkage rate.
This observation suggests that the effectiveness of sintering depends on the specific surface area of the starting
powder and points at the decisive role of the doping method used. Dense microstructures with average grain sizes
smaller than 100 nm are obtained by doping very fine powders with cobalt oxide.
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Introduction
The addition of small amounts of a dopant to improve
the sintering process of metallic as well as ceramic
powders is an established method. Two types of addi-
tives need to be distinguished. A first group of addi-
tives are solid solution additives, which dissolve in the
host material. The solute typically decreases the grain
boundary mobility, so that higher sintering densities are
achieved. The addition of MgO to Al2O3 is the seminal
and probably best understood case as it made the fab-
rication of fully densified alumina possible [1]. Subse-
quently, many other materials, such as MgO, Y2O3, or
ZnO, could successfully be sintered by using the solid
solution approach [2]. The second group of additives
exhibits only limited solubility in the host material and
therefore resides mainly at the grain boundaries. De-
pending on the processing temperature, this additional
phase may either lead to liquid phase sintering or to
activated solid state sintering. Both approaches have in
common that diffusion across and in the grain boundary
is enhanced, in the first case by a liquid bridge and in
the second by a thin grain boundary layer. If the phase
diagram of a materials system is known in sufficient
detail, the optimal processing parameters can be deter-
mined experimentally within a reasonable time frame.
In case of activated solid state sintering, the knowledge
of the corresponding phase diagram can also be a help-
ful tool. In many cases however, phase diagrams are
not known in sufficient detail and more over, activated
solid state sintering is usually found below the eutectic
temperature [3]. German et al. have established a list of
criteria for material systems to be suited for activated
sintering [4]. For a suitable system, a first requirement
is a higher solubility of the host in the additive material
than vice versa. If a certain solubility of the additive in
the host exists, the activation may become transient. A
decrease of liquidus and solidus as the host is alloyed
is required in addition to promote segregation of the
equilibrium second phase. Further desirable is a sys-
tem with low eutectic temperatures and therefore high
diffusivities at the boundary.
These criteria have been validated amongst others
for the case of Ni-doped W [4]. Transition metals in
general have proven to be suitable dopants for acti-
vated sintering of various refactory metals, such as
248 Jud and Gauckler
molybdenum, tungsten, chromium, rhenium, and tan-
talum [5]. Increased density improves desirable phys-
ical and mechanical properties of sintered materials in
general. However, the increased diffusion rates at the
boundary promote also grain growth, which may de-
grade the sintered density again [6]. A well investigated
ceramic system, which has shown properties of acti-
vated sintering is Bi2O3-doped ZnO. The addition of
Bi2O3 leads to liquid phase sintering at temperatures
above 740◦C, the eutectic temperature of the system
ZnO-Bi2O3 [7]. But significant shrinkage even suffi-
cient to reach full density was also observed below
the eutectic temperature in isothermal sintering experi-
ments [8]. At high temperatures, the presence of Bi2O3
causes enhanced grain growth of the ZnO matrix al-
ready at an additive concentration of 0.05 mol% [7,
9]. Recently, Luo et al. have observed disordered grain
surfaces and intergranular films with 1–2 nm thickness
below and above the eutectic temperature [10]. They
assigned the phenomenon of activated sintering below
the eutectic temperature to the existence of these amor-
phous intergranular films [11].
Transition metal oxides (e.g. MnO2, Fe2O3, Co3O4,
NiO, CuO) have also shown properties of improved sin-
tering for ceria and zirconia based solid solutions [12–
16] below the eutectic temperature [17]. In all stud-
ies, increased shrinkage rates at relative low temper-
atures and reduced maximum sintering temperatures
have been observed. In the case of cobalt oxide doped
Ce0.8Gd0.2O1.9, the improved sintering properties could
be assigned to a grain boundary film acting as a short
circuit path resulting in improved densification, but also
in enhanced grain growth [18, 19]. On the other hand,
very little grain growth was observed during sintering
since grain sizes in the sub-micron range (∼120 nm)
could be achieved [12, 20]. The observation of little
grain growth indicates that rearrangement of particles,
due to reduced interparticle friction, is important during
densification. Zhang et al. investigated the sintering of
Fe-doped CeO2 [21]. They found that the grain bound-
ary film formed by the additive reduces the interparti-
cle friction leading to a viscous flow mechanism. These
results strongly suggest that the sintering of transition
metal oxide doped ceria solid solutions is dominated by
a viscous flow mechanism in the early sintering stage
while activated sintering plays an important role in the
final sintering stage.
The amount of activator material necessary to
change the sintering properties of the host material is
small and usually below 3 cat% of the dopant. The
more homogeneously the dopant is distributed in the
matrix, the more pronounced the effect is. In the case
of Ni-doped W, it was shown that a small particle size
of the dopant could increase the promoting sintering
effect [22]. Decreasing the particle size of the host ma-
terial to the nanometer range can also help to enhance
the overall sintering properties [23, 24]. Hence, the aim
of this study is to explore the combined effects of high
specific surface area of the host material and the addi-
tion of a dopant for the case of cobalt oxide doped ceria
solid solutions.
Experimental Procedures
Commercially available ceria and ceria gadolinium ox-
ides (CGO) of various particle size were used. In order
to further enlarge the range and cover several orders of
magnitude of particle sizes, selected very fine powders
were calcined. Calcination temperatures were chosen
low enough, so that the formation of hard agglomerates
was avoided. Powder particle sizes were characterized
by BET measurements (Nova1000, Quantachrome,
Germany), SEM (LEO 1530, Germany), TEM, X-ray
diffraction (XRD—Diffractometer D 5000, Siemens,
Germany) combined with Rietveld refinement (TOPAS
R 2.0, Bruker AXS, Germany). Most powders were
doped with 1 cat% of cobalt oxide. The powders
were ultrasonically dispersed in ethanol and the de-
sired amount of cobalt nitrate hexahydrate dissolved
in ethanol was added. After an additional ultrasonica-
tion, the solvent was evaporated and the powder dried
at 120◦C. The nitrate was converted to cobalt oxide
by calcining at 400◦C for 4 h. Green compacts were
fabricated by isostatic pressing at 300 MPa for 3 min.
Pressureless sintering was conducted in a horizontal
dilatometer (Type 802S, Ba¨hr Thermoanalyse GmbH,
Germany). Before and after sintering, the density was
determined by the Archimedes method. Microstruc-
tures were obtained by polishing down to 1 µm di-
amond paste. After thermal etching 20◦C below the
respective maximum sintering temperature, the grain
size was determined based on SEM images measuring
at least 300 grains. A mean intercept length to mean
grain size conversion factor of 1.56 was used [25].
Results and Discussion
The provenience of all powders and where applica-
ble the calcination temperature is listed in Table 1.
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Table 1. Powder description.
Powder Source Calcination
1CeO2 MicroCoating Technologies, USA
2CeO2 Alfa Aesar, Johnson Matthey GmbH, D
3CeO2 Alfa Aesar, Johnson Matthey GmbH, D
4CeO2 Auerweiss Typ BF, Treibacher Auermet, A
1CGO MicroCoating Technologies, USA
2CGO MicroCoating Technologies, USA 1CGO 2 h
at 750◦C
3CGO Rhodia, Catalysis & Electronics, F
4CGO Rhodia, Catalysis & Electronics, F 3CGO 2 h
at 800◦C
5CGO Rhodia, Catalysis & Electronics, F 3CGO 2 h
at 1000◦C
Table 2. Powder characterization.
Powder dBET (nm) dSEM/TEM (nm) dXRD (nm)
1CeO2 6.6 21 10 (78%), 27 (22%)
2CeO2 11 57 16 (66%), 86 (34%)
3CeO2 92 208 >100
4CeO2 290 416 >100
1CGO 6.2 10 4.5 (88%), 9.0 (12%)
2CGO 11 24 14
3CGO 24 54 20
4CGO 58 62 34
5CGO 137 100 >100
The results regarding the powder characterization by
BET, microscopy, and X-ray diffraction of all CeO2 and
Ce0.9Gd0.1O1.95 (CGO) powders are given in Table 2.
Since the calculation of the equivalent particle diam-
Fig. 1. Relative density as a function of temperature at a heating rate of 5◦C/min for (a) CeO2 and (b) CGO powders.
eter dBET from the BET measurement is based on the
assumption of spherical particles, the effective diame-
ter is generally underestimated. This discrepancy can
be deduced from Table 2, where all dBET values are
smaller than the corresponding particle sizes evaluated
by SEM. The particle sizes of the smallest powders
(1CeO2 and 1CGO) have been obtained from TEM im-
ages provided by the manufacturer. For powders with
particles sizes below 100 nm, the diameters dSEM are
much larger than the dBET values. This difference is
due to the limited resolution of the SEM. For powders
1CeO2, 2CeO2, and 1CGO, the crystallite sizes cal-
culated by the Rietveld refinement show evidence of
bimodal particle size distributions. Relative fractions
are indicated in parentheses. Further, the crystallite size
can be smaller than the particle size deduced from BET
if a particle consists of several crystallites. Yet, if par-
ticles consist of one crystallite, dXRD is usually larger
than dBET since the BET method is surface area based
whereas X-ray diffraction is a mass dependent method
[26]. As expected, doping with 1 cat% of cobalt oxide
does not change the specific surface area of the pow-
der significantly. The same particle sizes have therefore
been used in the following analysis for the undoped as
well as for the doped powders.
Figs. 1 and 2 show the results of the dilatometric
measurements for all CeO2 and CGO powders (un-
doped and doped with 1 cat% cobalt oxide) obtained
by constant heating rate sintering. Pressed powder com-
pacts possess different green densities due to different
powder geometries. A higher green density is usually
obtained with powders of larger particle size as can
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Fig. 2. Relative density as a function of temperature at a heating rate of 5◦C/min for (a) CeO2 and (b) CGO powders doped with 1 cat% of
cobalt oxide.
clearly be seen by comparing 1CeO2 with 4CeO2 for
example. In case of the doped powders, the relative
differences in green densities are smaller. The effect
of the specific surface area on the respective sintering
behavior is obvious. Powders that have a high specific
surface area and therefore a high driving force for sin-
tering, start to densify at a lower temperature. In ad-
dition, they also reach the maximum shrinkage rate
already at a lower temperature. Table 3 shows the tem-
perature of maximum shrinkage rate for all powders.
Some powders exhibit two maxima in the shrinkage
rate, which can be attributed to a bimodal particle size
distribution or to a bimodal pore size distribution. Pow-
der 2CeO2 for example shows two sintering maxima,
which can be correlated to the bimodal particle size dis-
Table 3. Sintering characteristics of undoped and CoO-doped
powders.
Temperature of (dρ/dT )max Temperature of (dρ/dT )max
Powder undoped (◦C) doped with 1 cat% CoO (◦C)
1CeO2 845/1410 850/1330
2CeO2 920/1160 870/1020
3CeO2 1290 1150
4CeO2 1480 1210
1CGO 685/1366 954/757
2CGO 985/1365 962/1344
3CGO 971 924
4CGO 1298 1096
5CGO 1344 1139
tribution measured by X-ray diffraction, but also to the
bimodal pore size distribution measured by mercury
intrusion porosimetry shown in Fig. 3. This correlation
also demonstrates the limited information contained
in the particle size characterisation shown in Table 2.
Particles sizes can only give a first idea about the ex-
pected sintering properties. In order to actually predict
the shape of a densification curve, a more complete de-
scription of the green body microstructure is required.
Pore size distributions measured by mercury intrusion
also define only one aspect of the green body charac-
teristics. A similar observation is that the particle size
can not be correlated with the final densities of the
sintered powder compacts as obvious from the results
presented in Figs. 1 and 2. Nevertheless, it can be seen
that powders of large particle size continue to densify
during the dwell at high temperature (see e.g. 4CeO2)
whereas powders of small particle size reach their final
density at lower temperature (see e.g. 2CeO2). The low
final densities found for compacts of the small powders
are amongst other reasons consequence of the measure-
ment method, i.e. the reference of theoretical density is
changing. Final densities decrease at high temperatures
mainly due to the reduction of Ce4+ to Ce3+ leading
to the formation of oxygen vacancies. Since the densi-
fication curves are adjusted according to the measured
density by Archimedes, the effective loss in density at
high temperatures remains indiscernible.
The effect of cobalt oxide doping on the tempera-
ture of maximum shrinkage rate becomes obvious in
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Fig. 3. Pore size distribution of green body of powder 2CeO2.
Table 3. Except for the smallest powders, doping de-
creases the temperature of maximum shrinkage rate.
The effect is more pronounced for large particle sizes
as Fig. 4 demonstrates, where the temperature of max-
imum shrinkage rate is plotted as a function of initial
particle size. For most powders, dBET has been taken as
the value of initial particle size, but for powders 1CeO2
and 2CeO2, the crystallite sizes have been used. Also,
the second maxima in the shrinkage rates of compacts
from powders 1CeO2, 1CGO, and 2CGO have been
neglected since they might correspond to sizes of ag-
glomerates. It is clearly seen in Fig. 4 that for large
particles, the temperature of maximum shrinkage rate
may differ by as much as 300◦C. The differences be-
come smaller with decreasing particle sizes. In the case
Fig. 4. Temperature of maximum shrinkage rate as a function of powder particle size for (a) CeO2 and (b) CGO, undoped as well as doped with
1 cat% of cobalt oxide. Dashed lines serve as guide for the eye.
of CGO, even a crossover for the smallest particles size
is observed. Evidently, doping has a detrimental effect
on the sintering behavior. This surprising result moti-
vated further investigation.
To this end, 1CGO was doped with increasing con-
centrations of cobalt oxide up to 10 cat%. The shrink-
age rate of compacted powders was measured in the
dilatometer and are displayed in Fig. 5. It can clearly be
seen that the temperature of maximum shrinkage rate is
the lowest for a doping concentration of 5 cat%. Higher
concentrations, such as 10 cat% are less favourable
to the sintering process increasing the temperature of
maximum shrinkage rate and decreasing the maximum
shrinkage rate. Analog observations have been made
in a previous work [12]. It must be concluded that for
the presently used method of doping, a fine powder,
such as 1CGO requires a higher dopant concentration
than 1 cat% in order to produce the most distinct sin-
tering effect. For an explanation, one should consider
how dramatically the specific surface area of a pow-
der increases if the particle size reaches the nanometer
range. Then, the homogeneous distribution of small
amounts of dopant material over the large surface area
becomes a critical processing parameter and increas-
ingly depending on the doping method used. For a given
method, higher doping concentrations are needed to
achieve contact of all particles with sufficient doping
material. Alternatively, a more suitable doping method
might be developed ensuring homogeneous coverage of
all particles. With improved doping methods, it can be
expected that the temperature of maximum shrinkage
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Fig. 5. Shrinkage rate as a function of temperature for powder 1CGO doped with various concentrations of cobalt oxide.
Fig. 6. Temperature of maximum shrinkage rate and average grain size depending on the doping content of cobalt oxide for powder 1CGO.
Average grain sizes have been measured in samples sintered at 900◦C for 2 h.
will decrease even for very small particles and conse-
quently, no need for higher doping concentration arises.
In Fig. 6, the temperature of maximum shrinkage
rate and the average grain size is plotted as a func-
tion of doping content. The measured average grain
sizes show that enhanced grain growth is concurrently
observed with densification confirming the observation
that cobalt oxide promotes grain growth [19]. Neverthe-
less, the use of a fine powder such as 1CGO combined
with the effect of cobalt oxide permits the fabrication of
very fine and dense microstructures with average grain
sizes below 100 nm. Fig. 7 shows the microstructure
of powder 1CGO doped with 1 cat% cobalt oxide sin-
tered at 900◦C for 2 h. The average grain size was found
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Fig. 7. Microstructure of powder 1CGO doped with 1 cat% CoO
sintered at 900◦C for 2 h.
to be 78 nm, which corresponds to a growth factor of
roughly 13.
Conclusion
Commercial CeO2 and Ce0.9Gd0.1O1.95 powders of par-
ticle sizes ranging from 6.6 to 416 nm have been doped
with 1 cat% of cobalt oxide and their sintering proper-
ties studied. Powders of small particles size exhibiting
a high driving force for sintering started to densify at
lower temperature. With cobalt oxide doping, increased
shrinkage rates and decreased sintering temperatures
due to the doping were observed for all powders ex-
cept for small powders. In general, the doping effect,
measured as the difference in temperature of maximum
shrinkage rate, decreased with particle size, but showed
almost no if not a deterioring effect for the smallest
powders of particle sizes smaller than 10 nm. This ob-
servation is explained by the high surface area of small
powders, which requires a more homogeneous distri-
bution of the dopant, i.e. a higher doping concentra-
tion to achieve the same decrease in sintering temper-
ature as more coarse powders with particle sizes larger
than 100 nm. The combined use of a very fine pow-
der (<10 nm) and of doping with cobalt oxide makes
dense microstructures possible with average grain sizes
smaller than 100 nm.
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